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ABSTRACT 
 
To predict the cracking time properly is a major indication to evaluate the service life of corroded reinforced 
concrete (RC) structures. Based on the assumption of uniform corrosion of steel reinforced bar, a model to 
predict the time from initiation to corrosion cracking is proposed. Finally, the data presented in the published 
literatures are picked up for the comparison between the proposed model and Maaddawy’s model. The results 
illustrate that the proposed model is in good agreement with the test results and better than the model suggested 
by Maaddawy.  
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INTRODUCTION 
 
The corrosion of reinforcement in the aggressive environment which results in the deterioration of reinforced 
concrete (RC) structures has been and will continue to be one of the most predominant factors which limit the 
service life of RC structures. Steel reinforced bar embedded in concrete is normally considered to be passive as 
the steel-concrete interface formed a microscopically thin layer of iron oxide of Ȗ-Fe2O3āH2O, due to the high 
alkalinity environment (pH ranges from 12.5 to 13) of the concrete pore solution>1@. When reinforcement is 
attacked by chloride ions or/and carbon dioxide, the passivation layer around the steel disappears and corrosion 
occurs. The formed rust products have 3 to 8 times the volume of the original steel>2@ and can be expressed as 
māFe(OH)2 nāFe(OH)3 pāH2O, where the values of m, n and p vary considerably, depending on conditions such as 
pH of the solution, the oxygen supply and moisture content>3@. The volume expansion of corrosion products 
generates internal stress in the concrete which leads to the cracking of concrete and the spalling of the cover. 
Forecasting the cracking time properly is an important indication to evaluate the service life of corrosion RC 
structures. The presence of first corrosion crack is normally considered to be the end of functional service life 
and the structures require rehabilitation>4, 5@. So there is a need to develop a corrosion-induced cracking model to 
predict the service life of existing structures. 
 
In1980, K. Tuutti>4@ proposed a model to predict the service life of reinforced concrete structures shown in Figure 
1. Based on this model, the deterioration of reinforced concrete can be divided into two distinct period: 1) 
Initiation period, T0, which represents the period required for Cl- or/and CO2 to ingress into the interface between 
steel and activate corrosion; 2) Propagation period, Tcr, which represents the time that rust products accumulation 
gradually which result in the cracks occur on structures and cause the failure of structures finally.  
 
However, R.E. Weyers>5@ reported that not all corrosion products contribute to the expansive pressure on the 
concrete. A portion of rust may fill the voids and pores in the interfacial transition zone (ITZ), while some rust 
products migrate away from the interface between steel and concrete. Moreover, the researchers>6, 7@ found that 
using the model suggested by K. Tuutti to predict the cracking time of samples or structures from laboratory and 
field may underestimate the time to corrosion cracking. Therefore, the researchers>5, 8, 9@ modified the model and 
considered that the corrosion process of RC structures can be classified into three period roughly. As showed in 
Figure 2, the modified model>10-12@ divided the propagation period in the K. Tuutti’s model into two different 
periods: 1) Rust expansion period, Tfree, which represents the time required for corrosion products to fill the 
voids and pores in the ITZ; 2) Cracking period, Tstress, which represents the period that the expansive pressure 
occurs after the corrosion products having filled the porous zone and results in the cracks of structures. The 
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model presumed that before the internal tensile stresses outweigh the tensile strength of concrete, the pressure 
increases linearly as the volume of the rust. But it needs to be kept in mind that the assumption is valid before 
the cracks appear, after that the distribution of pressure is non-uniform.  
Based on the Fick’s second law, the researchers proposed a number of models>13-16@ to predict the initiation period. 
For the last two periods, many models were suggested to forecast the cracking time of RC structures. These 
models can be mainly divided into three categories: empirical models>17-23@, analytical models>3, 12, 24, 25@ and 
numerical models>26-29@. A corrosion-induced cracking model to forecast the last two periods is proposed here. 
Then the data provided in the published literatures are picked up for the comparison between the proposed model 
and Maaddawy’s model. 
  
Figure 1 Service life model for corroded structures>4@        Figure 2 Modified service life model >10-12@ 
 
CORROSIONINDUCED CRACKING MODEL 
Basic Assumptions 
 
In order to develop the model of the corrosion cracking, 7 basic assumptions are made: 1)Corrosion products are 
formed uniformly around the steel reinforcing bar which leads to a uniform expansive stresses around the steel 
bar. The assumption is commonly used and widely accepted in modeling the volume expansion which caused by 
corrosion>3, 17, 24, 25, 30@. 2)There exists a porous zone around the steel-concrete interface and the corrosion 
products need to fill the zone firstly before they start to induce internal pressure on the concrete>3, 24, 30@. The zone 
volume is usually in relation to the surface of steel reinforcing bar, water cement ratio, degree of hydration and 
the compactness of concrete. The layer normally varies from 10 to 20ȝm>31@. 3)Only the stresses and the strains 
which resulting from the corrosion expansive pressure are considered. While other effects>3, 17, 24, 25, 30@, such as 
dynamic loading and wetting-drying cycle, are eliminated here. 4)The stresses along the bar-axis are negligible>3, 
24, 25, 30, 32@. 5)Concrete is a brittle isotropic linear elastic material>3, 24, 25@. 6)The concrete surrounding the bar is 
treated as a thick-walled cylinder and the thickness of the wall equal the thinnest concrete cover>3, 24, 30, 32@. The 
concrete ring is assumed to crack when the tensile stress in the circumferential direction at every part of the ring 
has reached the tensile strength of concrete>3, 13, 24, 25, 33, 34@. 7)During the process of the crack front, a portion of 
corrosion products shall be accommodated with the corrosion radial cracks>32@. 
 
Parameters of the Model 
Mass loss of steel 
 
A uniform layer of corrosion products would create uniform expansive stresses at the steel-concrete interface 
which results in a uniform radial displacement (įc) at the surface of the rust layer. As the existence of a porous 
zone around the interface surface between steel and concrete, the corrosion products need to first fill the zone 
before their expansion starts to create pressure on the surrounding concrete. According to the knowledge of 
elasticity mechanics>35@, the formula of internal radial pressure(Pcor) and concrete displacement (įc) can be 
expressed as follows: 
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Where vc is the Poisson’s ratio of the concrete, which varies from 0.18 to 0.2˗c is the wall thickness equal to the 
thinnest concrete cover; R0=D/2į0, D is the diameter of the steel reinforcing bar; į0 is the thickness of the 
porous zone; Eef is the effective elastic modulus of the concrete, given by: 
  / 1
ce c
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Where Ec is the elastic modulus of the concrete; ׋ is the creep coefficient of concrete >17, 24, 36@, which falls in the 
range of 0-3>30@. For short-term accelerated corrosion, ׋ is 0;For long-term natural corrosion, ׋ is 2.35>37@. 
 
Figure 3 Change in steel diameter induced by corrosion 
 
As shown in Figure 3, the increased volume can be expressed as follows: 
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Where Mr is the weight of steel reinforcing bar (g); Mloss is the weight loss of consumed steel (g); ρr is the mass 
density of the rust (g/cm3); ρs  is the mass density of the steel (g/cm3); įl is the thickness of steel lost; įr is the 
thickness of rust. The thickness of rust, įr, is given by: 
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Combining Eqs.(4) and (3), Eq.(3) can be rewritten as follows: 
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As (į0įc)2D, the term 4(į0įc)2, can be neglected. Therefore, Eq.(5) can be changed as follows: 
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Some researchers >3, 25, 26@ have given the relationship between Mr and Mloss as follows: 
 
loss r
M MJ   (7) 
Where Ȗ is the ratio of molecular mass of steel to molecular mass of rust which ranges from 0.523 to 0.622>38@. 
When the rust product is Fe(OH)2, Ȗ is 0.523 and when rust product is Fe(OH)3, Ȗ is 0.622. Here only take an 
average value 0.573 for simplicity. 
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Besides, the researchers>3, 26@ suggest an expression between mass density of rust (ρr) and the mass density of the 
steel (ρs) as follows: 
 0.5
r s
U U   (8) 
Taken the unit length L equals 1cm. Put Eqs. (1), (7) and (8) into Eq.(6) the formula for the mass loss of steel 
(Mloss) can be obtained as follows: 
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Critical pressure 
 
The cracks produced by expansion pressure coming to the surface of concrete is considered as the failure. For the 
thin-walled cylinder model of cover concrete, the tensile stress is usually assumed to be uniform. Thus, the 
critical pressure Pcr can be expressed as follows, where fct is the tensile strength of concrete. 
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While Zhao and Jin>39@ considered the aspect that the tensile stress in the concrete is non-uniform actually and 
given the expression of the critical pressure Pcr at failure as follows: 
  0.6 0.5cr ctCP fD    (11) 
Tepfers>40@ has studied the use of elastic, plastic and partly cracked thick-walled cylinder models to predict the 
load at which bars fail in a pullout test. The results illustrated that the partly cracked elastic case was found to 
give a lower bound to the cover cracking load and the plastic case gave an upper bound. So Tepfers suggests 
taking the average of the partly cracked elastic case (Eq.10) and plastic case (Eq.11). Hence the same is proposed 
here, the critical pressure Pcr can be expressed as: 
  0.3 0.5 4.33cr ctCP fD    (12) 
Time of corrosion cracking 
 
Faraday’s law has been taken by numerous researchers>10, 18, 41-43@ to estimate the weight loss of steel at different 
applied current density levels. Therefore, Faraday’s law will be also obtained here to depict the corrosion 
amount. 
 corr
loss
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Where Mloss is the weight loss of consumed steel (g); M is the atomic mass of Fe ion, M=56 g/mol; z is the ionic 
charge, with the value of 2.5 (Fe2ˈz=2˗Fe3ˈz=3) >10, 32@; F is Faraday’s constant, F=96500 C/mol; t is the 
corrosion time (s). 
 
The corrosion current density icorr is identified as the corrosion current per unit steel surface. If the unit length L 
equals 1cm and the unit of diameter D is mm, the relationship between Icorr(A) and icorr(ȝA/cm2) can be expressed 
as follows, where tini is the time of initial corrosion and De is the reduced diameter of steel bar after corrosion,  
De=D-2įcr. 
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Based on the data in the literatures, there exists a relationship between the amount of rust to cause cracking and 
the ratio of C/D. So the data>38, 41, 44, 45@ is picked up for curve fitting and the result is given in Figure 4. 
 
Inspection of Figure 4 shows that a reasonable relationship between the amount of rust to cause cracking and the 
ratio of C/D. Therefore, the following relationship can be used to calculate the amount of corrosion required to 
induce cracking, where ǻcr is the steel section loss required for corrosion-induced cracking (%). 
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Figure 4 Relationship between bar weight loss and C/D ratio 
 
Then ǻcr is converted into the steel radius loss as follows: 
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Combining Eqs.(16) and (14), the critical current is then given by: 
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Substitute Eqs.(9), (12), (17) and parameters Ȗ=0.573, ρs=7.85 g/cm3 into Eq.(13), then the corrosion time (h), 
which ignores the ingress of corrosion products into cracks, can be expressed as follows:  
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Model modification 
 
The researches usually consider that as the corrosion products occur quickly and result in the pressure increases 
sharply in the short-term accelerated tests. The cover will crack before the open cracks are filled with corrosion 
products completely. Therefore, some researchers>30, 36@ assume that during the process of crack front, no 
corrosion products will penetrate into the cracks. It is too categorical for this assumption. Even in the accelerated 
tests, there still a portion of corrosion may be filled into the cracks before the cover cracks. Lu and Liu>46@ 
obtained an expression for the time which corrosion products penetrate into cracks as follows: 
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C
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Where k is a modified coefficient. Based on the results of Lu and Jin>12@, For short-term accelerated corrosion, k 
varies from 0.1 to 0.3; For long-term natural corrosion, k varies from 0.7 to 0.8. 
 
Combining Eqs. (18) and (19), the total time (tcr(h)), which considering the rust penetration into cracks, from 
corrosion initiation to full cracking of cover can be expressed as: 
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MODEL 9ERIFICATION 
 
In order to validate the accuracy of the proposed model, some experimental results published in literatures are 
selected to compared with our model. Besides,  comparison between Maaddawy’s Model and the presented 
model is also made simultaneously. The parameters in the model are given here: Ȟc=0.2; for short-term 
accelerated test,k=0.3; for long-term natural corrosion, k=0.75. The results are listed in Table 1. 
 
Table 1 Comparison between predicted and test results 
Reference D mm 
C 
mm 
icorr 
ȝA/cm2 
fct 
MPa 
Ece 
GPa 
Crack Time Maaddawy’s 
Model 
Predicted time 
(h or y)b 
Tested time 
(h or y)b 
Predict Time 
(h or y)b 
Accelerated experiments: 
Andrade >18@ 16 20 100 3.55 22 96.4 68.8~121.0 84.4~118.6 
Alonso>23@ 
16 20 100 3.85 22 113.0 70.2~122.4 88.6~122.9 
16 50 100 3.85 22 208.0 127.9~201.9 156.4~190.7 
16 70 100 3.85 22 264.0 176.9~265.5 202.8~237.2 
16 70 10 3.85 22 2643.0 1768.8~2654.6 2028.0~2371.8 
Cabrera>47@ 12 69 244 6.97a 33 108.0 93.3~136.3 96.3~110.4 
Mangat>42@ 10 20 800 6.30a 30 14.4 10.4~18.1 11.9~16.2 
Lu>12@ 
16 29.5 100 3.70 24.4 147.5 82.7~141.9 99.6~133.8 
16 29.5 150 3.70 24.4 91.1 55.2~94.6 66.4~89.2 
16 19.5 100 3.70 24.4 112.0 67.0~118.9 80.4~114.7 
Vu>48@ 
16 25 100 3.06 20a 134.0 75.6~131.5 91.4~125.6 
16 50 100 3.06 20a 194.7 121.1~195.1 141.0~175.3 
16 25 100 4.16 29.5a 116.0 74.1~129.9 86.9~121.1 
16 50 100 4.16 29.5a 155.7 117.4~191.4 132.6~166.9 
Maaddawy>49@ 16 33 150 4.9 28a 95.0 61.9~103.0 78.3~101.2 
Long-term experiments:  
Liu>3@ 
16 27 3.75 3.3 27 0.72 0.53~0.79 0.25~0.36 
16 48 2.41 3.3 27 1.84 1.55~2.14 0.55~0.71 
16 70 1.79 3.3 27 3.54 3.49~4.53 0.97~1.19 
a.Calculated value based on ''0.94 or 4500 
cct c c ff f E  ,where
'
cf  is the compressive strength of concrete. 
b. Except Liu’s test, the unit for time is hour. 
 
As can be seen from Table 1, the test times almost fall within the predicted times and the presented model is 
more suitable for predicting cracking time for both short-term accelerated tests and long-term natural conditions 
when compared with the model proposed by Maaddawy. The accuracy is more obvious for long-term natural 
tests. However, there still some results are slightly higher than the upper limit predicted by the presented model. 
The reason may contribute to the time which observed from initiation to crack is little higher. Another reason can 
be ascribed to the calculation error which occurs during the process of using the formulae list above.  
 
MODEL SIM3LIFIED 
 
The model list above , see Eq. (20), is complex. Therefore, the model have to be simplified. As showed in Figure 
4, the relationship between the amount of rust to cause cracking and the ratio of C/D can also fitting as a linear 
relation (Figure 5). And the results listed in Table 2 illustrate that the simplified model can also predict the 
corrosion-induced cracking time well. It shows that the simplified model is also suitable for predicting the 
cracking time.  
 
Figure 5 shows that a good relationship between the amount of rust to cause cracking and the ratio of C/D can be 
obtained. So the formula can be rewritten as : 
 0.00275
cr
CG    (21) 
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Figure 5 Linear relationship between bar weight loss and C/D ratio 
 
The simplified formula for corrosion-induced cracking time tcr(h) can be expressed as : 
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Using Eq.(22) to predict experimental results published in literatures again. The results are given in Table 2. 
 
Table 2 Comparison between predicted and test results 
Reference D mm 
C 
mm 
icorr  
ȝA/cm2 
fct 
MPa 
Ece 
GPa 
Crack Time Maaddawy’s 
Model 
Predicted time 
(h or y)b 
Tested time 
(h or y)b 
Predicted Time 
(h or y)b 
Accelerated experiments: 
Andrade >18@ 16 20 100 3.55 22 96.4 68.7~121.0 84.4~118.6 
Alonso>23@ 
16 20 100 3.85 22 113.0 70.1~122.4 88.6~122.9 
16 50 100 3.85 22 208.0 128.7~203.2 156.4~190.7 
16 70 100 3.85 22 264.0 178.6~268.1 202.8~237.2 
16 70 10 3.85 22 2643.0 1786.3~2681.3 2028.0~2371.8 
Cabrera>47@ 12 69 244 6.97a 33 108.0 94.5~138.1 96.3~110.4 
Mangat>42@ 10 20 800 6.30a 30 14.4 10.5~18.1 11.9~16.2 
Lu>12@ 
16 29.5 100 3.70 24.4 147.5 82.9~142.1 99.6~133.8 
16 29.5 150 3.70 24.4 91.1 55.3~94.7 66.4~89.2 
16 19.5 100 3.70 24.4 112.0 67.0~118.9 80.4~114.7 
Vu>48@ 
16 25 100 3.06 20a 134.0 75.7~131.6 91.4~125.6 
16 50 100 3.06 20a 194.7 121.9~196.3 141.0~175.3 
16 25 100 4.16 29.5a 116.0 74.1~130.0 86.9~121.1 
16 50 100 4.16 29.5a 155.7 118.2~192.6 132.6~166.9 
Maaddawy>49@ 16 33 150 4.9 28a 95.0 62.1~103.3 78.3~101.2 
Long-term experiments: 
Liu>3@ 
16 27 3.75 3.3 27 0.72 0.52~0.79 0.25~0.36 
16 48 2.41 3.3 27 1.84 1.55~2.14 0.55~0.71 
16 70 1.79 3.3 27 3.54 3.48~4.54 0.97~1.19 
a.Calculated value based on ''0.94 or 4500 
cct c c ff f E  ,where
'
cf  is the compressive strength of concrete. 
b. Except Liu’s test, the unit for time is hour. 
 
CONCLUSIONS 
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A uniform corrosion-induced cracking model is proposed. On one hand, the model ignored the influence of rust 
products to the interface. On the other hand, the condition of corrosion products came into the cracks were 
considered and did some optimization for short-term accelerated tests and long-term natural tests. By comparison 
with Maaddawy’s model, it could be found that the developed model is more suitable in forecasting the 
corrosion-induced cracking time. 
 
ACKNOWLEDGEMENTS 
 
The authors gratefully acknowledge financial support from the Natural Science Foundation of China (NO. 
51378104). 
 
REFERENCES 
 
Ahmed, S.F.U., Maalej, M., Mihashi, H. (2007). Cover Cracking of Reinforced Concrete Beams due to 
Corrosion of Steel >J@. ACI Materials Journal, 104(2), 153–161. 
Al-sulaimani, G., Kaleemullah, M., Basunbul, I. (1990). Influence of Corrosion and Cracking on Bond Behavior 
and Strength of Reinforced Concrete Members >J@. ACI Structural Journal, 87(2), 220-231. 
Almusallam, A.A., Al-gahtani, A.S., Aziz, A.R. (1996). Effect of Reinforcement Corrosion on Bond Strength [J]. 
Construction and Building Materials, 10(2), 123-129. 
Alonso, C., Andrade, C., Rodriguez, J., et al. (1998). Factors Controlling cracking of Concrete Affected by 
Reinforcement Corrosion >J@. Materials and Structures, 31(7), 435-441. 
Andrade, C., Alonso, C., Molina, F.J. (1993). Cover Cracking as a Function of Bar Corrosion: Part 
I-Experimental test [J]. Materials and structures, 26(8), 453-464. 
Association, C.S. (1994). Design of Concrete Structures >M@. CSA, Rexdale, Ontario, Canada, Canadian 
Standards Association, A23, 3-94 
Bazoant, Z. (1979). Physical Model for Steel Corrosion in Concrete Sea Structures-- Application >J@. Journal of 
the Structural Division, 105(6), 1155-1166. 
Bhargava, K., Ghosh, A., Mori, Y., et al. (2005). Modeling of Time to Corrosion-induced Cover Cracking in 
Reinforced Concrete Structures >J@. Cement and Concrete Research, 35(11), 2203-2218. 
Bhargava, K., Ghosh, A., Mori, Y., et al. (2006). Model for Cover Cracking due to Rebar Corrosion in RC 
Structures >J@. Engineering Structures, 28(8), 1093-1109. 
Cabrera, J. (1996). Deterioration of Concrete due to Reinforcement Steel Corrosion >J@. Cement and Concrete 
Composites, 18(1), 47-59. 
Cabrera, J.,  Ghoddoussi, P. (1992). The Effect of Reinforcement Corrosion on the Strength of the Steel/Concrete 
Bond >C@. In: Proceedings of International conference on bond in concrete:11-10. 
Chen, D., Mahadevan, S. (2008). Chloride-induced Reinforcement Corrosion and Concrete Cracking Simulation 
>J@. Cement and Concrete Composites, 30(3), 227-238. 
Dagher, H., Kulendran, S. (1992). Finite Element Modeling of Corrosion Damage in Concrete Structures >J@. 
ACI Structural Journal, 89(6), 699-708. 
Du, B., Ton, F.I. (2000). Bond of Reinforcement in Concrete, State-of-art Report >J@. Lausanne, Switzerland: 
International Federation for Structural Concrete, 427. 
El Maaddawy, T., Soudki, K. (2007). A Model for Prediction of Time From Corrosion Initiation to Corrosion 
Cracking >J@. Cement and Concrete Composites, 29(3), 168-175. 
El Maaddawy, T., Soudki, K., Topper, T. (2005). Long-term Performance of Corrosion-damaged Reinforced 
Concrete Beams >J@. ACI structural journal, 102(5), 649-656. 
Guirguis, S. (1987). Basis for Determining Minimum Cover Requirement for Durability >J@. ACI Special 
Publication, (100), 447–463. 
Gulikers, J. (2005). Numerical Modelling of Reinforcement Corrosion in Concrete >M@. Corrosion in reinforced 
concrete structures. Cambridge; Woodhead Publishing, 71-90. 
Jimenez, R., White, R., Gergely, P. (1979). Bond and Dowel Capacities of Reinforced Concrete >C@. In: 
Proceedings of ACI Journal Proceedings, ACI, 73-92 
Liang, M., Wang, K., Liang, C. (1999). Service Life Prediction of Reinforced Concrete Structures >J@. Cement 
and Concrete Research, 29(9), 1411-1418. 
Li, C. (2003). Life-cycle Modeling of Corrosion-affected Concrete Structures: Propagation >J@. Journal of 
Structural Engineering, 129(6), 753-761. 
Liu, Y. (1996). Modeling the Time-to-corrosion Cracking of the Cover Concrete in Chloride Contaminated 
Reinforced Concrete Structures >D@, Virginia Polytechnic Institute and State University. 
909
Liu, Y., Weyers, R.E. (1998). Modeling the Time-to-corrosion Cracking in Chloride Contaminated Reinforced 
Concrete Structures >J@. ACI Materials Journal, 95(6), 675-681. 
Lu, C., Jin, W., Liu, R. (2011). Reinforcement Corrosion-induced Cover Cracking and Its Time Prediction for 
Reinforced Concrete Structures >J@. Corrosion Science, 53(4), 1337-1347. 
Lu, C., Liu, R., Jin, W. (2010). A Model for Predicting Time to Corrosion-induced Cover Cracking in Reinforced 
Concrete Structures >C@. In: Proceedings of FraMCos-7,Republic of Korea, B. H. Oh, et al (eds), 967-975 
Maage, M., Helland, S., Poulsen, E., et al. (1996). Service Life Prediction of Existing Concrete Structures 
Exposed to Marine Environment >J@. ACI Materials Journal, 93(6), 602–608. 
Mangat, P., Elgarf, M. (1999). Bond Characteristics of Corrding Reinforcement in Concrete Beams [J]. 
Materials and Structures, 32(2), 89-97. 
Mehta, P.K., Monteiro, P.J. (2006). Concrete: Microstructure, Properties, and Materials >M@. 3rd ed. New York, 
The McGraw-Hill Companies. 
Molina, F.J., Alonso, C., Andrade, C. (1993). Cover Cracking as a Function of Rebar Corrosion: Part 
2—Numerical Model >J@. Materials and Structures, 26(9), 532-548. 
Morinaga, S. (1990). Prediction of Service Lives of Reinforced Concrete Buildings Based on the Corrosion Rate 
of Reinforcing Steel >C@. In: Proceedings of Durability of Building Materials and Components, 
Proceedings of the Fifth International Conference, 5-13 
Newhouse, C.D. (1993). Corrosion Rates and the Time to Cracking Model for Critically Contaminated 
Reinforced Concrete Structures >D@. Blacksburg,VA; Virginia Polytechnic Institute and State University. 
Pantazopoulou, S., Papoulia, K. (2001). Modeling Cover-cracking due to Reinforcement Corrosion in RC 
Structures >J@. Journal of Engineering Mechanics, 127(4), 342-351. 
Peterson, J.E(1993). A Time to Cracking Model for Critically Contaminated Reinforced Concrete Structures >D@. 
Blacksburg, VA, Virginia Polytechnic Institute and State University. 
Purvis r, L., Babaei, K., Clear, K.C., et al. (1994), SHRP-S-377 >R@. Washington, DC 20418 USA. 
Ralejs, T. (1979). Cracking of Concrete Cover along Anchored Deformed Reinforcing Bars >J@. Magazine of 
Concrete Research, 31(106), 3-12. 
Rodriguez, J., Ortega, L., Casal, J., et al. (1996). Corrosion of Reinforcement and Service Life of Concrete 
Structures >J@. Durability of Building materials and components, 7(1), 117-126. 
Song, H.W., Lee, C..H, Jung, M.S, et al. (2008). Development of Chloride Binding Capacity in Cement Pastes 
and Influence of the pH of Hydration Products >J@. Canadian Journal of Civil Engineering, 35(12), 
1427-1434. 
Tepfers, R. (1979). Cracking of Concrete Cover along Anchored Deformed Reinforcing Bars >J@. Magazine of 
Concrete Research, 31(106), 3-12. 
Thoft-christensen, P. (2000). Stochastic Modelling of the Crack Initiation Time for Reinforced Concrete 
Structures >M@. Department of Building Technology and Structural Engineering, Aalborg University. 
Timoshenko, S. (1930). Strength of materials >M@, New York. 
Torres-acosta, A.A., Sagues, A.A. (2004). Concrete Cracking by Localized Steel Corrosion--Geometric Effects 
>J@. ACI Materials Journal, 101(6), 501-507. 
Tuutti, K. (1980). Service Life of Structures with Regard to Corrosion of Embedded Steel >J@. ACI Special 
Publication, (65), 223-236. 
Vu, K., Stewar,t M.G, Mullard, J. (2005). Corrosion-induced Cracking: Experimental Data and Predictive 
Models >J@. ACI structural journal, 102(5), 719-726. 
Webster, M.P. (2000). The Assessment of Corrosion-damaged Concrete Structures >D@, University of 
Birmingham. 
Weyers, R.E. (1998). Service Life Model for Concrete Structures in Chloride Laden Environments >J@. ACI 
Materials Journal, 95(4), 445-453. 
Xi, Y., Ababneh, A. (2000). Prediction of the Onset of Steel Corrosion in Concrete by Multiscale Chloride 
Diffusion >C@. In: Proceedings of Proc of the International Symposium on High Performance Concrete: 
Workability, Strength and Durability, Hong Kong and Shenzhen, China, Prentice-Hall Inc, 181-186 
Yokozeki, K., Motohashi, K., Okada, K., et al. (1997). A rational model to predict the service life of RC 
structures in a marine environment >J@. ACI Special Publications, (170), 777-799. 
Zhao, Y., Jin, W. (2006). Modeling the Amount of Steel Corrosion at the Cracking of Concrete Cover [J]. 
Advances in Structural Engineering, 9(5), 687-696. 
Zhou, K., Martin-perez, B., Lounis, Z. (2005). Finite Element Analysis of Corrosion-induced Cracking, Spalling 
and Delamination of RC Bridge Decks >C@. In: Proceedings of 1st Canadian conference on effective design 
of structures, Hamilton, 187-196. 
910
